Environmental context. Microplastics are of increasing environmental concern following reports that they occur worldwide from the arctic to the deep sea. However, a reliable methodology that facilitates an automated measurement of abundance and identity of microplastics is still lacking. We present an analytical protocol that applies focal plane array detector-based infrared imaging of microplastics enriched on membrane filters applicable to investigations of microplastic pollution of the environment.
Introduction
By the middle of the last century the success story of a new group of material -plastics -started. This material revolutionised our daily life completely and its rise heralded the start of the socalled 'plastic age'. [1] One of the main advantages of plastics, their durability, is however simultaneously one of the major threats to the environment and this is especially true for the oceans. [2] [3] [4] Whether wind-blown into the sea, introduced by rivers, municipal drainage systems and sewage effluents, [5] [6] [7] [8] [9] plastic litter originating from terrestrial sources will often find its way into the sea. Offshore sources for plastic litter are vessels, boats or offshore platforms, [10] contents of lost containers from cargo shipping, [8] the world's fishing fleet [6] and the marine aquaculture. [11] Independently of where the plastic litter originates from, the still increasing global production of synthetic polymers leads to the fact that the amount of litter that arrives in the oceans will constantly increase in the future [12] which leads to an accumulation of plastic litter in the marine environment. [7, 13] Whether deliberately dumped or accidentally lost, plastic litter can persist within marine habitats for prolonged periods of time, as a result of both the durability of polymeric materials and the prevailing physical and chemical conditions at sea (e.g. cool temperatures and low availability of UV light). [7, 14] Thus, the problems related to plastic litter will probably persist for centuries even if their introduction in the environment is immediately stopped. [7] In particular, plastic litter is rarely degraded by biological processes but becomes fragmented over time into smaller and smaller pieces as a result of embrittlement by weathering processes. [15] These secondary micro-fragments together with micro-sized primary plastic litter from, for example cosmetics and care products, lead to an increasing amount of small plastic particles ,5 mm, so called 'microplastics', in the oceans. [6] Although this size limit is widely accepted further subdivision of this fraction is still a matter of discussion. According to HidalgoRuz et al. [16] microplastics can be further size divided into large microplastics (500 mm-5 mm) and small microplastics (,500 mm). Galgani et al. [17] proposed to distinguish between these two fractions at a size of 1 mm instead (large microplastics: 1-5 mm and small microplastics: 20 mm-1 mm) and this suggestion is about to be adopted in the implementation process of the European Marine Strategy Framework Directive (MSFD). Investigating the whole size range of microplastics ,5 mm in future research could ensure comparability between studies independent of the size limit for subdivision into small or large microplastics, as a division into size classes is still possible after analysis. (In this study we used the size division according to Hidalgo-Ruz et al. [16] as particles ,500 mm can barely be handled manually for fast spectroscopic single particle analyses and thus have to been concentrated on filters. These filters were then measured by transmittance focal plane array (FPA) detector-based micro-Fourier-transform infrared (micro-FTIR) spectroscopy).
Meanwhile, the accumulation of microplastics in the oceans has been recognised by scientists and authorities worldwide and previous studies have demonstrated the ubiquitous presence of microplastics in the marine environment [14, 15, [18] [19] [20] [21] [22] [23] [24] [25] [26] and the uptake of microplastics by various marine biota. [27] [28] [29] [30] [31] As a consequence of the uptake physical effects such as potentially fatal injuries (e.g. blockages throughout the digestive tract or lesions from sharp objects) are to be expected. [4] These physical effects, however, mainly affect microorganisms, smaller invertebrates or larvae on the level of a single organism. Another more alarming aspect is that microplastics can release toxic additives and they are known to accumulate persistent organic pollutants (POPs). [32] [33] [34] [35] [36] Hence, when microplastics, because of their minuteness, enter marine food webs at low trophic levels they simultaneously harbour the risk of potentially propagating these toxic substances up the food chain. [37, 38] This issue is discussed controversially in recent research and although several studies suggest it being of minor importance from a risk assessment perspective [39, 40] microplastics have the potential to transport POPs to human food. [33] In addition, because of their material properties many microplastic particles are buoyant and their durability enables them to travel long distances. [41] They can thus function as vectors for the dispersal of toxic or pathogenic microorganisms. [42] [43] [44] Although the potential risks of marine microplastics have recently been widely acknowledged, reliable data on concentrations of microplastics and the composition of involved polymers in the marine environment are lacking as there are no standard operation protocols (SOPs) for microplastic sampling and identification. [16, [45] [46] [47] First steps towards a standardisation have been made, [17] however, a huge variety of different methods leads to the generation of data of extremely different quality and resolution which prevents comparability. One of the most critical points in microplastic research is visual sorting for the separation of potential microplastics from other organic or inorganic material in samples [16] done by the naked eye [48] or under a dissection microscope. [49] Such a procedure is uncritical if large microplastic particles are the target of a study. The investigation of small microplastic particles requires the concentration on filters and visual identification alone [50] [51] [52] [53] can result in high identification errors since these small particles cannot be discriminated visually from other material such as sand grains, chitin fragments, diatom frustule fragments, etc. Thus, it is no wonder that the error rate of visual sorting reported in the literature ranges from 20 [54] to 70 % [16] and increases with decreasing particle size. Moreover, the concentration of microplastics in sediment samples from similar locations can vary by two orders of magnitude when comparing data of visual identification (even if not confirmed as erroneous) with data of spectroscopy based quantification [21, 50] thereby raising significant caution when relying on visual inspection alone. [55] To circumvent the problem of misidentification, it is highly necessary to analyse potential microplastic particles with techniques that facilitate a proper identification. [16, 56] Thermo-chemical methods like pyrolysis gas chromatographymass spectrometry (GC-MS) allow for the identification of the polymer origin of particles by comparing their characteristic combustion products with reference pyrograms of known virgin polymer samples. [47, 57] Spectroscopic techniques like Raman spectroscopy [22, 27, 46, 58] and especially Fourier-transform infrared (FTIR) spectroscopy [13, 20, 23, [59] [60] [61] are straight-forward techniques that have been successfully used to identify microplastic particles from different environmental samples with high reliability.
During the analysis with Raman spectroscopy the interaction of laser light with the molecules and atoms of the sample (vibrational, rotational and other low-frequency interactions) results in the so called Raman shift and thus substancecharacteristic Raman spectra. Infrared (IR) spectroscopy takes advantage of the fact that infrared radiation also excites molecular vibrations when interacting with a sample which facilitates the measurement of characteristic IR spectra. FTIR and Raman spectroscopy are complementary techniques as vibrations that are Raman inactive are IR active and vice-versa. Plastic polymers possess highly specific IR and Raman spectra with distinct band patterns, thus both techniques are ideal for the identification of microplastics. Coupled to microscopy 'micro'-spectroscopy allows for the analysis of microscopic particles and their clear assignment to polymer origin. [23, 27, 59] However, up to date only two studies have been published that make use of chemical mapping by reflectance micro-FTIR spectroscopy for identifying microplastics from environmental samples concentrated on filters. [23, 59] Chemical mapping with a single detector element, i.e. the sequential measurement of IR spectra at laterally separated, user-defined points on the sample surface, [62] is extremely time-consuming when targeting the whole surface of a filter at a high spatial resolution. Thus, both studies analysed only sub-areas of the filter surface. [23, 59] In addition to the time needed for the measurements and the expected bias associated with the extrapolation of subsamples, reflectance micro-FTIR has the disadvantage that the measurement of irregularly shaped microplastic particles present in environmental samples may result in un-interpretable spectra as a result of refractive errors. [59] Although particularly suitable for identifying very small plastic particles (,100 mm), further methodological improvements are needed for large scale applicability of reflectance micro-FTIR in environmental studies. [23] A highly promising FTIR advancement -FPA-based micro-FTIR imaging -uses a grid of many detector elements (FPA) and facilitates the generation of chemical images by simultaneously recording several thousand spectra within one single time-saving measurement. [62] This technique allows the circumvention of the abovementioned disadvantages of chemical mapping and potentially facilitates the detailed and unbiased high throughput analysis of total microplastics on a sample filter as concluded by Harrison et al. [59] In the herein presented study, we tested the applicability of FPA-based micro-FTIR imaging for the detection of microplastics. The aim of our study was (1) the evaluation of FPAbased micro-FTIR imaging for the identification of small microplastics, (2) the development of an approach using FPAbased micro-FTIR imaging to quantify microplastics on whole sample filters with a high lateral resolution in a minimal time frame and (3) the development of a post-processing protocol to identify the most important synthetic polymers in environmental samples.
Methodology

FTIR system
All measurements were carried out with a 'Tensor 27' FTIR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) equipped with a silicon carbide Globar as IR source and an internal L-alanine doped deuterated triglycine sulfate (DLaTGS) single detector working at room temperature. The basic spectrometer was further equipped with a diamond 'attenuated total reflectance' (ATR) unit ('Platinum-ATR-unit', Bruker Optik GmbH) used for the direct sample by sample measurements of larger samples (particles .500 mm).
Coupled to this basic unit was a 'Hyperion 3000' (Bruker Optik GmbH) FTIR microscope with an automated xyz-stage. The automated stage facilitated the placement of a gold coated mirror for reflectance measurements or the insertion of round calcium fluoride (CaF 2 ) sample filter plates (Korth Kristalle GmbH, Kiel, Germany) for transmittance measurements.
The FTIR microscope itself was equipped with a 15Â IR objective lens (150Â final magnification) and a 4Â visual objective lens (40Â final magnification) which were used during this study and furthermore a 20Â micro-ATR objective (200Â final magnification) is available for the microscope. The IR microscope was further equipped with a FPA detector with 64 Â 64 detector elements cooled by liquid nitrogen used for the measurements.
Combined with the 15Â IR objective lens the FPA facilitates the simultaneous measurement of 4096 spectra within a single measurement on an area of 170 Â 170 mm, i.e. with a pixel resolution of 2.7 mm. However, it must be noted that the lateral resolution of micro-FTIR spectroscopy is physically limited (e.g. 10 mm at 1000 cm À1 , Bruker Optik GmbH) because of the diffraction of IR radiation. By the assembly of subsequently acquired FPA measurements using the automated xyz-stage larger areas can be covered, which simultaneously involves the production of huge amounts of data.
To prevent interference with air humidity the whole FTIR system was flushed inside by dry air produced by a dry air generator (Model OF302-25þ4MD3, JUN-AIR, Gast Manufacturing, Inc., Benton Harbor, MI, USA) at a flow rate of ,200 L h
À1
. The system was operated by the proprietary 32-bit software OPUS 7.2 (Bruker Optik GmbH) during measurements and analyses.
ATR measurements of reference material
A polymer library was self-generated in OPUS 7.2 and served for comparison and identification of the polymer origin of potential microplastic particles according to their IR spectra. For creating this library the most commonly used consumer plastic polymers (pre-production pellets, powders and films: polyethylene (PE), polypropylene (PP), polyvinyl chloride (PVC), polystyrene (PS), polyethylene terephtalate (PET) and other polyesters (PES), polyamide (PA), polyurethane (PUR), styrene acrylonitrile (SAN), polycarbonate (PC) and others) were provided by different plastic polymer manufacturers and were measured using the 'Platinum-ATR-unit' (crystal: diamond, single reflection). IR spectra were recorded in the wavenumber rage 4000-400 cm À1 with a resolution of 4 cm À1 and 32 co-added scans. The background measurement against air was conducted with the same settings. The library currently consists of 128 plastic polymer records and several other marine abiotic and biotic materials (e.g. cellulose, quartz, chitin, silicate and keratin), and is available upon request.
Comparison of reflectance and transmittance measurements
In this preliminary experiment tests were performed to evaluate if reflectance or transmittance measurements were more appropriate for FPA-based micro-FTIR imaging of microplastic particles. We chose high-density PE particles (Schaetti Fix 1822/0-80, Schaetti AG, Wallisellen, Switzerland) with a particle size range of 0-80 mm as model microplastics. PE has the advantage that it has only three prominent band patterns within the investigated wavenumber range with peaks at 2915 (C-H, asymmetric stretch vibration), 2848 (C-H, symmetric stretch vibration) and 1471 cm À1 (C-H, bend vibration) [63, 64] -due to the molecular composition of PE -mainly resulting from vibrations of the methylene (C-H 2 ) and to a much lower extent the methyl (C-H 3 ) group.
Prior to the measurements the sample was photo-documented with the 4Â visual objective lens. Transmittance measurements of a small amount of the model microplastics were conducted on a round CaF 2 sample carrier (13-mm diameter, 2-mm thickness) with the 15Â IR objective lens, in the wavenumber rage 3800-900 cm À1 with a resolution of 8 cm À1 and 32 co-added scans (the FPA detector is limited to this wavenumber range). Sixteen FPA fields covering a total area of 680 Â 680 mm 2 were measured. The background was measured on the blank CaF 2 sample carrier with the same settings.
Reflectance measurements were conducted on a gold coated mirror (Bruker Optik GmbH) with the same settings and the same measurement area as for the transmission measurements after a small amount of powder was added. The background was acquired on the blank gold coated mirror with the settings mentioned above. The signal-to-noise (S/N) ratio in the wavenumber range 2980-2780 cm À1 (C-H, stretch vibrations) was determined for both measurement modes with the software OPUS 7.2, where the effective noise was calculated with the root mean squares (RMS) method.
Test of appropriate filter material for FTIR measurements
Because microscopic microplastics in environmental samples need to be concentrated on filters, an appropriate filter material for FPA-based micro-FTIR imaging had to be found. The importance of appropriate filter material for obtaining highquality results with minimum spectroscopic interference in the mid-IR region when analysing microplastic samples on filters has also been stressed by Vianello et al. [23] For this purpose we tested the suitability of different filter materials (Table 1) for FPA-based micro-FTIR imaging by Analysis of microplastics with FPA-based micro-FTIR imaging transmittance and reflectance measurements. Again, the PE model particles were used for the measurements and a small amount placed on each filter type. The measurement parameters were the same as described for the comparison between reflectance and transmittance mode. A piece of the respective filter was placed on a CaF 2 sample carrier for transmittance measurements or on a gold coated mirror for reflectance measurements. Three measurements of a single FPA field (4096 spectra) were conducted in both modes. The first measurement was done to characterise the filter material and to reveal the IR transparency of the material in the range 3800-900 cm À1 . As a prerequisite in order to allow for weaker signals of the sample being displayed in the measured IR spectra, the absorbance of the filter material had to be below 0.5 (empirical value) for transmittance micro-FTIR. The background was measured on the blank CaF 2 sample carrier (transmittance mode) or the gold coated mirror (reflectance mode). The second measurement investigated if the IR bands of the PE particles placed on the filter were visible in addition to the IR signature of the filter material and thus again the blank CaF 2 sample carrier or the gold coated mirror served for the background measurements. The third measurement aimed at revealing the IR bands of the PE particles only on the filter without the signal of the filter material and thus the blank filter was measured as background. Prior to the measurements a visual picture of the model microplastics on the filter or of the blank filter alone was taken with the visual objective lens. For comparison of the suitability of the filter types the spectral regions of 2980-2780 and 1480-1440 cm À1 corresponding to the C-H stretch and C-H bend peak regions of PE, [63, 64] were chosen for chemical imaging. According to the results of the chemical imaging and the IR spectra of the samples, the filter types were assigned to the categories 'suitable' (clear imaging result and clear IR spectra) or 'not suitable' (weak or unclear imaging result and IR spectra) for FPA-based micro-FTIR imaging.
Optimisation of the measurement settings for micro-FTIR imaging of whole filters
The measurement of subsamples of a sample filter and the subsequent extrapolation of the values to the whole filter area always involves a bias resulting from the patchy settlement of the particles on the filter surface during filtration. Thus, the aim of this experiment was to adjust the settings of the FPA-based micro-FTIR imaging process in a way to facilitate the measurement of large sample areas, i.e. whole filter surfaces in one single measurement run. The measurement of large areas, however, involves the generation of a huge amount of data. In this context it must be noted that the control software OPUS 7.2 is 32-bit based and processing of data is thus limited to 10 gigabytes in total. Consequently, it was necessary to optimise the analyses in terms of lateral resolution, amount of data produced and duration of the measurements.
In this context several parameters were investigated in an iterative process for their potential to reduce data amount and measurement time as well as for their influence on the measurement quality and imaging results (if not stated otherwise a single FPA field absorbance measurement of PE powder on aluminium oxide filters in the wavenumber range 3600-1200 cm À1 with 32 co-added scans at a resolution of 8 cm À1 was conducted):
(I) Recorded wavenumber range, i.e. the range in which IR spectra were measured -the optimum region for the investigation of plastic polymers in the range 3800-900 cm À1 was chosen; (II) resolution of the measurement, i.e. the wavenumber distance between a single data point of the IR spectrumresolutions between 2 and 16 cm À1 were tested for their suitability to resolve IR spectra of microplastics; (III) binning, an option to reduce the data amount but also lateral resolution by pooling measured FPA detector-pixel quadrates together to one single pixel -2 Â 2, 4 Â 4, 8 Â 8 and 16 Â 16 binning was investigated for its influence on the lateral resolution of the chemical images of microplastic samples. Binning of 2 Â 2 for example co-adds the results of four FPA detector-pixels to a single new pixel, 4 Â 4 co-adds the results of 16 FPA detector-pixels etc. With respect to the different binning options we also used the measurement software to read out the maximum number of sequential FPA fields that can be processed during a measurement and the time needed for the corresponding area when applying a scan number of 6 or 32 for the co-addition of IR spectra; (IV) the number of scans co-added per measurement, which affect the S/N ratio of the measurements, was chosen in dependency of the optimum of the other parameters -2, 4, 6, 8 and 10 scans per measurement were tested and with respect to the measurement time the lowest number of co-added scans with an appropriate S/N ratio was chosen. (V) For a proof of principle of this optimisation a small amount of the model PE powder was mixed with 0.2-mm filtered water and filtered onto an Anodisc 25 filter (Whatman, 0.2-mm pore size, 25-mm diameter, GE Healthcare, Chalfont St Giles, UK) using vacuum filtration and a funnel that concentrated the sample on a filter area of ,10.5-mm diameter. The sample was measured with the optimised measurement parameters by FPA-based micro-FTIR imaging after drying the filter for 3 h at 60 8C.
Development of a polymer identification scheme
Because of the extreme chemical heterogeneity of environmental samples, 'non-microplastics' might display IR bands also present in microplastics. Hence, for a clear differentiation, IR bands of the most common synthetic polymers were reviewed in a selfgenerated ATR-FTIR library and several IR bands were chosen that facilitate a pre-selection of potential microplastic particles by FTIR imaging on the sample filter. The visualisation of the intensity and location of these microplastic-characteristic IR bands should facilitate the check of the whole IR spectra at the marked areas for a verification of the plastic polymer origin of potential microplastic particles and the rejection of 'non-microplastics'. An experiment was carried out in order to evaluate the applicability of the optimised parameters for the measurement of microplastics of different polymers with FPA-based micro-FTIR imaging by application of the identification protocol. To do so, eight samples of different standard polymers (Table 2) were investigated consisting of commercially available powders or abrasion from consumer goods self-produced by use of a file. A small amount of each microplastic sample was manually placed on an Anodisc 25 filter (GE Healthcare) and an area of 20 FPA fields was measured with the optimised parameter settings.
Test of the protocol with environmental samples FPA-based micro-FTIR imaging was conducted to test the applicability of the developed measurement and identification protocol on real environmental samples. As the aim of this study was to evaluate and optimise this measurement technique and not to report abundances of microplastics in the marine environment we show the results of two samples stemming from different matrices as examples.
Plankton
A plankton sample was taken in 2012 during a research cruise with the RV 'Heincke' at a North Sea station close to the coast of Denmark (station 12, 56827.93 0 N, 07844.43 0 E,) with a neuston catamaran equipped with a 300-mm net at a speed of ,1-2.1 m s À1 (2-4 kn). In total 146.9 m 3 were sampled. The sample was transferred into a rinsed PVC bottle and stored frozen until further analysis. After thawing in the laboratory, the sample was screened over a 500-mm sieve and potential microplastics in the retained fraction analysed by ATR-FTIR after manual sorting under the microscope (results are not shown here). The filtrate containing the fraction ,500 mm was purified by the help of a newly developed enzymatic purification protocol (Löder et al., unpubl. data) and finally concentrated on a circular area of 9.7 mm on an Anodisc 13 filter (Whatman, 0.2-mm pore size, 13-mm diameter). After drying at 60 8C the filter was measured by micro-FTIR and analysed for microplastics with the optimised measurement and identification protocol. Sediment A sediment sample was taken in 2013 during a research cruise with the RV 'Heincke' at a North Sea station close to the German island Amrum (station 18, 54828.94 0 N, 885.41 0 E) with a Van Veen grab sampler. Sediment (1.6 kg) was sampled from the surface of the recovered sediment down to a depth of ,5 cm with a metal spoon, placed into a rinsed PVC bottle and stored frozen until further analysis. After thawing in the laboratory the sample was extracted with the Munich Plastic Sediment Separator as described by Imhof et al. [46] The extract was screened over a 500-mm sieve for the analysis of potential microplastics in the retained fraction by ATR-FTIR after manual sorting under the microscope (results are not shown here). The filtrate was processed and measured as described for the plankton sample after being concentrated on a circular area of 10.5 mm on an Anodisc 25 filter.
Results and discussion
Although two studies have applied micro-FTIR mapping for the identification of microplastics in environmental samples, [23, 59] the present study is the first one that used FPA-based micro-FTIR imaging of microplastics in this field of research. The aim of this study was to develop a protocol for the measurement and analysis of microscopic plastic particles enriched on membrane filters. For this we conducted several experiments referring to measurement mode, appropriate filter material and measurement settings and developed an identification approach for the most common synthetic polymers by FPA-based micro-FTIR imaging that was finally successfully applied to environmental samples.
Comparison of reflectance and transmittance measurements
For the general comparison of the two available measurement modes chemical images of the intensity of the C-H stretch region (2980-2780 cm À1 ) for marking the PE powder in the measured filter area were created (Figs 1, 2) . Although both modes facilitated the detection of all particles present in this area down to a size of 20 mm the measurement in transmittance yielded the better imaging result (compare Fig. 1 ). Because of higher intensities (visible in green to purple) in the integrated band region the particles were marked more clearly by chemical imaging after transmittance measurements and thus their shape and contour was depicted more precisely when compared to results from reflectance measurements. The imaging after reflectance measurement often resulted in medium to low intensities represented by blue to green colours for many parts of the surface of the investigated PE particles and only a few areas yielded a high intensity. This observation is attributable to the refractive error resulting from the superposition of directed and undirected reflection of the IR radiation by irregular shaped particle surfaces and has been reported before during the analysis of microplastics in environmental samples. [23, 59] This fact results in a higher S/N ratio in reflectance measurements which can be seen by direct comparison of the S/N ratio in the integrated band region as shown in Fig. 1c, d and Fig. 2c, d .
Although reflectance micro-FTIR is most suitable for plane surfaces where refractive errors are low it has the great advantage that as a surface technique it is suited for the production of IR spectra of thick, opaque samples [65] and not subjected to total absorption which occurs -depending on the material -when measuring samples of a certain thickness with transmittance micro-FTIR spectroscopy. On the other hand the polymer origin of larger particles that show total absorbance during transmittance micro-FTIR measurements can be verified by micro-ATR spectroscopy. However, for qualitatively good results during reflectance measurements it is important to focus directly on the surface of each particle, [23] which is impossible during automated chemical imaging if particles of different size are present directly next to each other. Because both measuring modes have advantages and disadvantages we compared both modes during the test of appropriate filter material for micro-FTIR measurements.
Appropriate filter material for FTIR measurements Ten different filter types (Table 1) were tested for their applicability for FPA-based miro-FTIR during this experiment, each type in reflectance and transmittance mode. The results are listed in Table 3 . Eight of the filter types tested were not suitable for FPA-based micro-FTIR measurements of microplastics as their IR window range, i.e. IR transparency, was either too narrow or their IR characteristics led to high diffractive error (reflectance mode) or to absorbance values much higher than 0.5 both resulting in unclear IR spectra. The value of 0.5 -as an empirical value -was prior defined as a maximum acceptable absorbance offset by the filter material to also facilitate the measurement of weaker bands of microplastic samples. Vianello et al. [23] tested different filter types for reflectance micro-FTIR mapping (i.e. polycarbonate membranes, cellulose ester-based filters, fibreglass filters) and reported a low quality of the spectroscopic results mainly because of interference caused by diffuse IR absorption from the filter matrices. Although the polycarbonate membranes and cellulose ester-based filters tested displayed plain and homogeneous surfaces, fibreglass filters were finally applied for the FTIR mapping study. [23] However, in our study fibreglass filters were not suitable for FPA-based measurements. Only two of the filter types tested, the polycarbonate filter (Isopore Membrane Filter, 0.2 mm GTTP, Merck Millipore, Merck KGaA, Darmstadt, Germany) and the aluminium oxide filter (Anodisc 25, Whatman, GE Healthcare) showed good potential for chemical imaging of microplastics as tested with model PE particles by imaging of the C-H stretch (2980-2780 cm À1 ) and bend regions (1480-1440 cm À1 ) ( Table 3) . As already successfully applied during a previous chemical mapping study on microplastics [59] the polycarbonate filter was suitable for the chemical imaging of both investigated wavenumber regions and led to medium results in reflectance as well as good results in transmittance mode (Fig. 3a-f) for PE.
The aluminium oxide filter yielded good results in the transmittance mode (Fig. 3j-l) and even clearer imaging results in the region 2980-2780 cm À1 when compared to the polycarbonate filter (Fig. 3e, k) , however, the C-H bend region (1480-1440 cm À1 ) could not be imaged in reflectance mode (Fig. 3i with this filter type. This is because of the characteristic of the material which shows a doublet band absorbance pattern between 1620 and 1420 cm À1 (Fig. 4a) . The characteristic does not play such a prominent role in transmittance mode as the C-H peak in the bend region of the PE sample is still visible on top of the IR spectrum of aluminium oxide (Fig. 4b) .
Because the polycarbonate membrane itself has a characteristic 'plastic' IR spectrum, i.e. the investigated IR range (3800-900 cm À1 ) is interrupted by at least eight bands with an absorbance higher than 0.5 units, many bands of the filter interfere with IR bands of the most common synthetic polymers (Fig. 4c, d , compare also Fig. 10 ). Thus, it is not well suited for the analysis of microplastics, although PE particles could be visualised with this filter type by chemical imaging. By contrast, the fact that -except from the above-mentioned band region which interferes in reflectance mode -the aluminium oxide filter offered a good IR transparency down to a wavenumber of 1250 cm À1 led to the decision to use this type of filter for the subsequent experiments. Based on the better imaging and spectroscopic results of the transmittance measurements compared to reflectance mode (Fig. 3g-l) when using aluminium oxide filters we also decided to apply this mode for our subsequent experiments.
Optimised measurement settings for micro-FTIR imaging of whole filters
In order to facilitate the measurement of a large filter area with respect to the maximum data amount that can be processed by the FTIR system (10 gigabytes) and the time needed for the measurement (not exceeding one workday) we investigated the following parameters for the potential to reduce data amount and measurement time:
Recorded wavenumber range The extent of the recorded wavenumber range, i.e. the spectroscopic information to be saved, has a large effect on the data amount produced. It has a smaller effect on the time needed for a measurement because of the fast FT postprocessing of the measured interferogram by the computer. Because the selected filter material aluminium oxide is IR intransparent below a wavenumber of 1200 cm À1 this value was chosen as the lower boundary for the measurement. The upper boundary of 3600 cm À1 was chosen because no mid-IR spectra of plastic polymers are to be expected above this value (Fig. 10) . Consequently the wavenumber range 3600-1200 cm À1 was used during the further optimisation of the measurement parameters.
Resolution of the measurement
The spectral resolution of the measurement has a direct effect on the IR spectrum of the sample, the higher the resolution the better small IR bands are represented. We compared the spectrum quality as well as the time needed and the amount of data produced for the measurement of one FPA field with a resolution of 2, 4, 8 and 16 cm À1 . As can be seen in Fig. 5a the time needed and amount of data produced for measuring one FPA field decreased strongly from 100 s and 45.3 MB at a resolution of . Although no obvious difference was visible during imaging of the C-H stretch region (2980-2780 cm À1 ) of PE for the four different resolutions, the comparison of the IR spectra of PE (Fig. 6 ) of the same particle resulting from the measurement with different revolutions revealed a relatively high noise in the spectra below a resolution of 8 cm À1 . On the other hand a resolution of 16 cm À1 led to broader peaks and the risk of loss of small scale spectral information. Consequently we concluded that a resolution of 8 cm À1 yielded the best result in terms of quality and also an optimum with respect to data amount produced and time needed for the measurement. Harrison et al. [59] used a resolution of 4 cm À1 for the measurement of microplastic samples with reflectance micro-FTIR spectroscopy, however, the resolution of 8 cm À1 has also been used by Vianello et al. [23] in their study and proved the ability to resolve plastic polymer spectra in a proper way. Thus, this resolution was chosen for the subsequent optimisation process.
Binning
Binning is an option to pool several FPA detector-pixels together to a new single pixel thereby reducing the lateral resolution but also the data amount. This option (2 Â 2, 4 Â 4, 8 Â 8 and 16 Â 16 binning) was investigated for its influence on the lateral resolution of the chemical images of PE microplastic samples as well as on the data amount produced and time needed for measuring one FPA field, again to find the optimum between lateral resolution, data amount produced and time needed for a measurement. The measurement of one FPA field without binning took 36 s and produced 15.4 MB. Whereas a great difference to 'no binning' was recognisable (32 s and 7.5 MB at 2 Â 2 binning, 31 s and 6.2 MB at 4 Â 4 binning, 30 s and 5.2 MB at 8 Â 8 binning and 30 s and 4.9 MB at 16 Â 16 binning), the difference between the single binning options was not of such magnitude (Fig. 5b) . In a second approach the maximum possible number of FPA detector fields when using the different binning options was investigated. According to the measurement software the maximum number of spectra that can be processed during one measurement was 3 936 256 (10 030 MB data). With the highest possible resolution (2.7-mm lateral pixel resolution), i.e. when no binning was applied, this corresponded to a maximum number of 961 FPA fields equalling a quadrate with an edge length of 5.27 mm. The corresponding measurement would take 353 min at a scan number of 6 and 793 min at a scan number of 32 co-added scans. The maximum number of FPA fields, which corresponds to the edge length of a quadrate, that can be measured increases by a factor of 4, in case of the edge length by a factor of 2, with each binning step when compared to no binning length. This time demand shows that the sample area covered during a measurement should be as small as possible to reduce the measurement time. In terms of binning the quality of the lateral resolution, i.e. the minimum size of particles that can be recognised by chemical imaging, plays an important role. From a purely technical point of view -because of the diffraction of light -the FTIR system we used is able to resolve particles down to a size of 10 mm at a wavenumber of 1000 cm À1 (Bruker Optik GmbH). The comparison of the chemical images showed that the binning option 4 Â 4 was able to mark PE particles down to a size between 15-20 mm (Fig. 7) . With respect to the maximum area (see above) that can be measured with the different binning options and the time demand for the measurements we concluded that a lower threshold of 20 mm of particles that are definitely marked by chemical imaging would be justifiable. Thus, we decided to use the 4 Â 4 binning option for the subsequent experiments.
Optimum number of scans co-added per measurement Although the number of scans that are co-added per measurement has no effect on the data amount produced, it has a strong effect on the S/N ratio of the produced spectra and of course on the time needed for a measurement. Generally spoken, the higher the number of scans co-added per measurement the lower the noise in an IR spectrum. However, although the measurement time can be dramatically increased by a high number of co-added scans, the spectrum quality cannot. Thus, it should be considered that the positive effect of increasing the number of scans is limited (no infinite improvement) while it unnecessarily increases measurement time. [66] We investigated a scan number of 2, 4, 6, 8 and 10 scans for the co-addition for their effect on the quality of the produced IR spectra with the parameters chosen before (4 Â 4 binning, 8 cm À1 resolution). Owing to the fact that as a consequence of 4 Â 4 binning the IR spectra of 16 single FPA detector pixels are pooled together to a single new pixel, the IR spectrum of this new pixel contains the mean spectral information of 16 IR spectra. This pseudo co-addition of spectral information can improve the S/N ratio by up to ,45 %. [66] Bhargava et al. [66] found the S/N ratio for sampling co-addition to scale as ,N 0.5 where N is the number of co-added pixels.
In summary binning leads to an additional noise reduction and generally demands a lower scan number than a high resolved measurement for good spectroscopic results. Our comparison of the scan numbers 2-10 ( Fig. 8a-e ) for 4 Â 4 binning showed that there was no obvious improvement of the spectrum quality in terms of the visible noise in the IR spectra above a scan number of 6 and therefore this value was chosen with respect to the measurement time and an appropriate S/N ratio.
Proof of principle
The measurement of the total filter surface is the only possibility to avoid bias introduced by the measurement of subsamples and the subsequent extrapolation to the whole sample area. According to the optimisation process for the measurement of large areas, i.e. whole filters, the measurement of 6 co-added scans at a resolution of 8 cm À1 with 4 Â 4 binning in the range 3600-1200 cm À1 represented the optimum with respect to spectrum quality, time needed for a measurement and data amount produced. For a proof of principle the model PE powder was filtered on an Anodisc 25 filter and thereby concentrated on a circular area of ,11-mm diameter (Fig. 9a) . The quadratic area covered by 3844 FPA (Fig. 9b) detector fields (62 Â 62 FPA fields, edge length 10.54 mm, 984 064 spectra) was successfully measured during 10.75 h and yielded a measurement file of 2572 MB. Comparing the microscopic images (Fig. 9a, d ) with the chemical imaging of the C-H stretch region (2980-2780 cm À1 ) (Fig. 9c, f) revealed that particles down to a size of at least 20 mm were successfully marked by chemical imaging. This proof of principle with PE powder is the first successful report of FPA-based micro-FTIR imaging of microplastics on a whole filter surface. In order to identify other plastic polymers with the operation protocol, an identification scheme had to be developed. Thus, in a further approach the measurement of microplastics of the most important plastic polymers with the optimised parameters and the subsequent chemical imaging according to common plastic characteristic band patterns were evaluated for their feasibility.
Development of an identification approach for different polymers by FPA-based micro-FTIR imaging Based on the European demand in 2012 the most important polymers are PE (29.5 %), PP (18.8 %), PVC (10.7 %), PS (7.4 %), PUR (7.3 %) and PET (6.5 %). The remaining 20 % of industrially important polymers mainly consist of other polyesters and PA, whereas polymers like SAN and PC are of minor importance. [67] The revision of the IR bands of these common plastic polymers in the self-generated plastic polymer ATR-FTIR library revealed that three band regions are necessary for marking potential plastic particles of the eight most important polymers by chemical imaging (Table 4 , Fig. 10 ). For also marking the relatively unimportant PC a fourth integration step would be necessary (Table 4 , Fig. 10 ). The defined band regions cover C-H vibrations, aromatic ring vibrations (Band region I, III) and carbonyl vibrations (Band region II, IV). [63, 64] The integration of these band regions should facilitate a visible pre-selection of potential microplastic particles by FTIR imaging on sample filters. In order to evaluate this identification approach in tandem with the optimised measurement settings eight different important plastic polymers were tested ( Table 2) .
The chemical imaging of all the different polymer samples was successful when applying the identification scheme. However, not every polymer sample included particles or structures down to a size of 20 mm which was the minimum size threshold as found for the model PE powder for chemical imaging during the parameter optimisation process. The smallest particles or structures present and successfully measured were between 17-36 mm depending on the polymer (Table 2) . However, the smallest particle, apart from very small particles ,5 mm, in the PA sample was 16 mm and in the PUR sample 14 mm and in both cases these particles could not be marked following the identification scheme, which suggests that the size threshold of 20 mm as a consequence of the chosen measurement parameters found for PE also holds true for other polymers.
In this context -besides the lateral restriction resulting from binning -it has to be stated that in transmittance mode the particle thickness plays an important role for good spectroscopic results. Thereby very thick samples can lead to un-interpretable results because of total absorbance -a solution is to measure these particles subsequent to the imaging by micro-ATR-FTIR as suggested by Vianello et al. [23] On the contrary, samples that are too thin (below ,5 mm) do not yield enough absorbance for interpretable spectra. However, these restrictions cannot be generalised and differ from polymer to polymer.
Because other particles present in environmental samples harbor IR bands that are also present in plastic polymers, the developed identification scheme is an approach to mark potential microplastics. A clear differentiation between microplastics and non-microplastics is only possible after reviewing the IR spectra of the pre-selected potential microplastic particles and if necessary compare them to a spectroscopic library.
Test with environmental samples
The optimised measurement protocol combined with the identification scheme was applied for the analysis of North Sea plankton and sediment samples with respect to microplastics (Figs 11, 12) . In both samples microplastics of different polymers were detected. The sediment sample consisting of very fine sand contained 64 microplastics kg À1 sediment (dry weight) out of six different polymers comprising PP, PE, PVC, PS, polymethyl methacrylate (PMMA) and ethylene vinyl acetate (EVA). The abundance of microplastics in the plankton sample was 0.19 items m À3 for five different polymers: PP, PE, PS, PA and PUR. Although comparability between studies is difficult because of the various methods applied and the report of the results in different units, [16] the abundances we detected were similar to results reported in the literature.
Information on microplastics in subtidal sediments of the North Sea generated with similar methods is rare. Claessens et al. [21] applied FTIR spectroscopy of visual pre-sorted microplastics .38 mm and found 72-270 items kg À1 sediment (dry weight) in subtidal sediments off the Belgian coast. They also found a similar polymer composition as we did in this study. However, another study reported between 3600 and 13 600 granular microplastics kg À1 sediment (dry weight) for North Sea tidal flat sediment. [50] These extremely high numbers were generated by visual identification under the microscope alone and were not verified by further techniques, which make them not really comparable with data generated by spectroscopic methods. Furthermore, data generated by visual identification generally lack the information on polymer composition of a sample. Up to date no reliable information, e.g. generated by spectroscopic methods, on the abundance of microplastics in water samples in the German Bight, North Sea, is available. The abundance we report here (0.19 items m À3 ) is in the lower range reported for different oceanic regions in a review by HidalgoRuz et al. [16] A study in the Jade Bay system reported a mean number of 64 000 granular microplastic particles m À3 (maximum 1.77 million m
À3
). [53] In this study water samples were directly filtered onto 1.2-mm filters and visually analysed. The extreme difference to our data can be a result of the different filtration (1.2 v. 300 mm); however, the fact that no further chemical verification of the polymer origin has been conducted has to be noticed. Noren [51] also identified microplastics visually and reported 0.01-0.14 particles m À3 seawater in Danish coastal waters when using a 450-mm net for the collection of microplastics. Although our result reaches the same scale, our samples were concentrated on a 300-mm net and are thus not directly comparable to the study of Noren.
[ 51] This again shows the urgent need for a standardised protocol for microplastic sampling and analysis as already claimed by Hidalgo-Ruz et al., [16] especially with respect to the un-comparability of data. Although first attempts have been made, [17] up to date no standard protocols are available. The integration of highthroughput techniques like FPA-based micro-FTIR imaging in such a protocol would also ensure the generation of reliable data.
Techniques for microplastic identification -current development and outlook Visual sorting is, according to a review by Hidalgo-Ruz et al., [16] an obligatory step for the identification of microplastics in environmental samples. However, especially for small microplasticsregardless of whether a size below 1 mm or 500 mm is chosen for this size category -it is highly recommended to analyse pre-sorted particles with techniques that allow for a proper identification. [16, 56] One fundamental drawback of visual sorting is the size limitation, i.e. particles smaller then a certain size cannot be sorted out, as they are unmanageable because of their minuteness and they can only be called 'potential' microplastics as a definite analysis of polymer origin is not possible with visual identification alone. As particles become even smaller they cannot be discriminated visually from other material or be recognised even under the microscope. Thus visual identification can include an error rate ranging from 20 [54] to 70 % [16] which increases with decreasing particle size. In particular microscopic particles that need to be concentrated on filters are prone to misidentification: a case study which re-analysed visually identified microplastic particles extracted from North Sea beach and sediment samples found that only 1.4 % of the 'microplastics' were of plastic polymer origin -the great majority (almost 80 %) were quartz particles. [55] The latter example illustrates the urgent need for a verification of the polymer origin during microplastic analysis.
More reliable techniques are those that used the repetitive fingerprint-like molecular composition of plastic polymers for a clear assignment of a sample to a certain polymer origin like pyrolysis GC-MS, Raman or FTIR spectroscopy.
Pyrolysis GC-MS [47, 57] facilitates the assignment of potential microplastics to polymer type, however, it has the disadvantage that particles have to be sorted out visually beforehand. This again results in a downward size limit of particles that can be analysed. Furthermore, the technique is not suitable for processing large amounts of samples which are collected during sampling campaigns or routine monitoring programs as it allows the analysis of only one particle per run. Pyrolysis GC-MS approaches for analysing bulk samples concentrated on filters are currently under development and potentially facilitate the analysis of smaller microplastics in environmental samples.
Although Raman or FTIR spectroscopy are frequently applied during the analysis of microplastics only two studies [23, 59] used micro-FTIR chemical mapping [62] during the analysis of microplastics. This point by point procedure is still extremely time-consuming when targeting the whole sample filter surface at a high spatial resolution because it uses only a single detector element. [23, 59] Because of this chemical mapping realistically allows for the analysis of subsamples of the filter surface only, and involves an extrapolation of the results to the real sample size afterwards. Results of this extrapolation are prone to potential bias as a consequence of an unequal particle distribution on the filter.
Chemical imaging, [62] i.e. the simultaneous recording of several thousand spectra within one single measurement, facilitates a much faster generation of chemical maps. This can be realised by the use of micro-spectroscopy combined with FPA detectors (micro-FTIR, this study) or ultrafast electron multiplying charge coupled device (EMCCD, Raman micro-spectroscopy) detectors and allows for the fast acquisition of chemical images. By the sequential and automated measurement of FPA fields whole sample filters can be analysed for microplastics by chemical imaging.
However, before our study the applicability of FPA-based micro-FTIR imaging with a high spatial resolution has not yet been demonstrated in the field of microplastic research. After the optimisation of the measurement parameters and the development of an identification scheme our study was the first proof that FPA-based micro-FTIR imaging has the potential to be used as standard for the detection of microplastics in environmental samples on large sample surfaces. With our approach the verification of plastic polymer particles down to a size of 20 mm is possible. Another great advantage is that by measuring whole filter surfaces the above-mentioned bias resulting from the analysis of sub-areas of a filter is circumvented. Thus, with our method the generation of un-biased reliable data on microplastics in environmental samples is possible.
However, the time needed and the amount of data generated for the measurement of a whole filter surface (10.75 h and 2572 MB) is still a drawback from the viewpoint of developing a highthroughput SOP for the analysis of microplastics with chemical imaging. This is a fact that after our own search also holds true for micro-Raman imaging. Because our optimisation approach accounted for every possible adjustment the time requirement and data amount cannot be diminished significantly. Even the application of a lower lateral resolution, i.e. a higher binning option, which would decrease the minimum particle size that could be identified, does not lead to a significant decrease in time requirement and data amount (compare Fig. 5b) .
The only reasonable possible solution to decrease time requirement and data amount would be a reduction of the measurement area (which was not large in this study: ,11-mm diameter). This could be achieved by the concentration of the sample on an even smaller filter area, with the imperative requirement for a very good purification of the microplastic sample from the corresponding environmental matrix. Another solution would be the measurement of subsamples of the filter area with FPA-based micro-FTIR imaging in only a fragment of time compared to chemical mapping. [23, 59] This, however, involves the bias resulting from the unequal distribution of particles on the filter surface. In such a case the potential error rate should be quantified during investigations and methodological measures should be adopted to ensure that the distribution of particles on the filter surface is as homogeneous as possible. The chemical imaging of microplastic filters faces an unfavourable target/not target ratio. Thus, the most promising approach for an effective reduction of measurement area is to measure only the potential targets, i.e. the development of a reliable automated particle identification approach. The automated measurement of FPA-fields only at the location on the filter where potential particles have been identified should save a lot of time and data. This could potentially allow for a measurement without binning, a higher lateral resolution and thus the detection of even smaller microplastics.
Although the methodology we present here has a great potential to be implemented in a SOP for microplastic analysis of environmental samples, we showed that further improvements are possible and need to be investigated: In combination with an automated particle identification and measurement, an automated evaluation of the resulting spectra would facilitate the even faster and fully automated analysis of microplastic samples as needed during detailed monitoring studies.
